However, they suffer from severe inter-beam interference. An expectation propagation based message passing algorithm is proposed for decoding multi-user transmissions in the reverse link of multi-beam satellite communications with full frequency reuse. Compared with an iterative MMSE (Minimum Mean Square Error) interference cancellation algorithm, the proposed algorithm reduces the cubic complexity to square complexity in the number of interfering beams. Numerical results show that the proposed algorithm outperforms the iterative MMSE algorithm slightly in terms of bit error rate when the energy per bit to noise power spectral density ratio is low. The performance of both algorithms is the same for other cases.
Introduction
Achieving Terabit/s throughput is important in next generation satellite communications [1] . To achieve this goal, a large number of spot-beams and full frequency UHXVH FDQ EH HPSOR\HG WR LQFUHDVH VSHFWUDO HI¿FLHQF\ Consequently, system performance deteriorates severely owing to inter-beam interference. The capacity of a multibeam is analyzed in Ref. [2] ; it shows that the theoretical capacity can be improved if multibeam signals are processed jointly. However, an interference cancellation technique for improving system capacity is not developed in Ref. [2] . Different turbo interference cancellation schemes were
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proposed in Refs. [1] [2] [3] [4] [5] , using soft-input-soft-output modules with an iterative structure. MMSE filter EDVHG DOJRULWKPV HVWLPDWH DQ LQSXW VLJQDO E\ ¿OWHULQJ the original input signal, which is cleaned from interference, which is estimated using the extrinsic information. The complexity of the algorithm is high because the optimal MMSE filter is different for each symbol and iteration, since the covariance matrix of extrinsic information is different for each symbol and iteration. The BP (Belief Propagation) algorithm has been successfully employed in a variety of applications [6, 7] , e.g., decoding of turbo codes and LDPC (Low Density Parity Check) codes [8] , an detection in terrestrial CDMA (Code Division Multiple Access) and MIMO (MultipleInput Multiple-Output) systems [9] [10] [11] [12] . The exact BP algorithm is the optimal approach when a factor graph is cycle free. Nevertheless, the underlying factor graph for the transmission in the multibeam reverse link is dense, and the complexity of the exact BP algorithm is exponential in the number of interfering beams and the modulation alphabet.
Hence, the above approaches are impractical for the satellite communications that have a large number of beams.
In this study, it is shown that an EP (Expectation Propagation) based AMP (Approximate Message Passing) algorithm can be used effectively to achieve excellent decoding performance in a multibeam satellite system at low complexities. Firstly, we derive a factor graph representation for multibeam joint processing, and then formulate a joint detection and decoding algorithm by employing the EP algorithm over the resulting factor graph. The performance of the algorithm, which has square complexity in the number of interfering beams, is similar to that of the iterative MMSE algorithm. Although we have focused on a block fading channel and multiuser signal detection in this study, the EP based AMP algorithm can be extended to the sparse frequency selective channels estimation in massive MIMO [13] . 
System model
where K is the Rician factor, and is an independent and identically distributed random process with zero mean and unit variance. Under the above assumptions, the channel coefficients matrix
where is a diagonal matrix.
Multiuser decoding for multibeam reverse link
In this section, the EP algorithm that processes all the interfering spot beams jointly is proposed, and its complexity is discussed.
Factor graph representation
The joint posterior distribution of the transmitted symbols from N users in the time interval t can be factorized as (5) ,
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where h i, j [t] is an element in the channel matrix H[t]. According to the above mentioned factorization, the factor graph for the decoding of the transmissions in the multibeam system is shown in Fig.2 For notational simplicity, the index of time interval t is henceforth omitted.
Expectation propagation based approximate message passing algorithm
The BP algorithms for de-mapper/mapper nodes and decoder nodes have been described well in various literature [8, 14, 15] . However, direct application of the BP algorithm to the bottom-most detection node leads at the variable and observation nodes are as follows [6] . ,
. (8) As the sum operation in Eq. (8) is exponential in N, it seems that performing BP algorithm exactly is hopeless for large scale multibeam satellite system.
If we consider the message as a complex
Gaussian PDF (Probability Density Function)
, then can be calculated by using simple linear operations as 
where and .
By substituting into Eq. (7), we obtain (10) where and . H o w e v e r, in Eq. (10) is not a Gaussian PDF, since the normalized message from the decoder is a discrete distribution. To obtain a Gaussian PDF to replace , a natural approach is to minimize the KL (Kull-back-Leibler) divergence, . Then, the following equations can be obtained [16] ,
The message is the multiplication of all the incoming messages . The message towards the decoder can be obtained as (13) where is the variance and is the mean. For the channel decoding, the message is finally mapped into the LLR (Log Likelihood Ratio) of the coded bits that are corresponding to the symbol x i (14) where and denote the subsets of all the symbols, in which the qth bit has a value of 1 and 0, respectively, and is the extrinsic probability of the coded bit c i,k fed from the decoder. The decoders decode the information bits and generate the probability information about the coded bits, which is used in the next iteration. 
and consider it as a complex Gaussian PDF , Then, by minimizing the KL divergence KL( ), we can obtain and . Then, the approximate message is computed from the approximate symbol belief . According to the semantics of the factor graph, we can obtain
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, (16) is approximated by using the Gaussian P D F a n d is a Gaussian PDF. Thus, is also a Gaussian PDF, given by (17) where and can be derived using the canonical form of the Gaussian PDF as follows. ,
.
The computation of and has a slightly high complexity.
Note that according to the semantics of the factor graph, is the posteriori probability of x i . To reduce the complexity of in computing and , we use to replace , where is the posteriori probability of the coded bit 
. (21) Summarizing the above discussion, the EP algorithm is shown below (Algorithm 1). When the number of antennas is for QPSK, the total complexity of the EP algorithm is approximately 80 times less than that of the MMSE algorithm.
Numerical results
We consider a TDMA satellite communications system with N=127 spot beams, in which full frequency reuse is employed. Each of the N users, cancelled. The BER performance at the third iteration is higher than that at the second iteration by 2.5 dB at 10 -2 . It is also observed that the change in the performance after the 5th is negligible. Numerical results show that the performance of the proposed algorithm is slightly better than that of the iterative MMSE interference cancellation algorithm when E b /N 0 is below the threshold value. When E b /N 0 is above the threshold value, the performance of both algorithm is the same. Based on its good performance and low complexity, the EP algorithm has the potential to realize full frequency reuse in multibeam satellite communications, which can increase the spectral HI¿FLHQF\ FRQVLGHUDEO\
